Diabetes mellitus is a metabolic disturbance in which profound changes occur in the microcircula tion of many vascular beds (Tooke, 1987) . Com monly, it has been thought that the chronic hyper emia occurring in the early stages of diabetes results in capillary hypertension, leading to microvascular sclerosis and failure of capillary function. In the brain, already after 1 month of streptozotocin induced diabetes (STZD), the pial vessels are di lated and tortuous and the linear blood flow velocity of cerebral arterioles and venules is decreased (Mc Cuskey and McCuskey, 1984) , whereas the ultra structure of the cerebral endothelial cells does not seem to change significantly.
Increased intercapillary distances have been found in the intestinal capillaries in STZD and in deus (82 versus 128 ml 100 g-I min -I ) , whereas rDPC remained unchanged. A highly significant correlation be tween rCBF and rDPC was found in both control groups (r = 0.8, p < 0.005) whereas the correlation was more scattered in the diabetic groups (r = 0.6, p < 0.05). The present results show that during chronic diabetes, a re duction of rCBF does not affect the number of perfused capillaries. Key Words: Streptozotocin diabetes Rat-Cerebral blood flow-Autoradiography-Density of perfused cerebral capillaries-Fluorescent staining method.
hyperglycemic rats (Bohlen and Hankins, 1982) , and this might also be the case for the brain. Fur thermore, an increased morbidity following isch emic brain injury associated with hyperglycemia has been reported in the rat (Pulsinelli et al., 1982) and a decrease in the density of perfused cerebral capillaries (rDPC) may contribute to this finding.
In the present report, it was tested whether rDPC is decreased in STZD, whether an uncoupling be tween regional cerebral blood flow (rCBF) and rDPC occurs in STZD, and, finally, if the duration of diabetes plays a role in the eventual alterations.
MATERIALS AND METHODS

Experimental organization
Fifty-six age-and weight-matched male Wi star rats were randomly allocated to enter into two paired groups: (la) rats with 3 weeks duration of STZD, (lb) age matched control rats; and (2a) rats with 20 weeks duration of STZD, (2b) age-matched control rats.
For induction of diabetes, streptozotocin (Zanosar, Upjohn, Kalamazoo, MI, U.S.A.) was injected into a tail vein at a dose of 85 mg/kg at 3 or 20 weeks prior to the tracer experiment. Only rats with a blood glucose value of more than 15 mM measured during the following day were included. Diabetic rats with a certain degree of hy perglycemia are usually not able to survive for more than 2�25 weeks without insulin treatment, and for that rea son 20 weeks was chosen as the longest observation pe riod.
Animal preparation
Under halothane anesthesia (0.7% in a gas mixture of 70% N20 and 30% 02), catheters were tied to two femoral arteries and to a femoral vein. Mter the operation, which usually lasted 15-20 min, the wounds were infiltrated with lidocaine 10% and halothane was switched off. The rats were kept in loose-fitting plaster casts and allowed to recover for at least 3 h. Blood glucose, arterial blood gas parameters, and hematocrit were determined immedi ately before the experiment. Mean arterial blood pressure was measured continuously during the experiment via one of the arterial lines.
rDPC and rCBF were determined in two separate groups; the animal preparation was identical for both groups.
Density of perfused cerebral capillaries
Fluorescein isothiocyanate (FlTC)-dextran lfiJectate was prepared immediately before injection by dissolving FlTC-dextran (molecular weight of 70, 000, Merck, Darmstadt, Germany) in saline and filtering through a 0. 2 fLm membrane. A dose of 150 mg/kg of body weight of FITC-dextran (about 1 ml of dissolved substance) was injected intravenously as a bolus while mean arterial blood pressure was continuously measured. A circulation time of 30 s was chosen since it is known that complete labeling has taken place after lO s (Vetterlein et al. , 1990) . Thus, 30 s later, the rats were decapitated, and the brain was quickly removed and dropped into 2-methylbutane chilled to about -45°C by means of an acetone-dry ice mixture. After at least 10 min, the brain was removed, coated with chilled embedding medium (Lipshaw Manu facturing, Detroit, MI, U. S. A. ), and stored in plastic vials at -80°C until cutting into 6-fLm coronal sections in a cryomicrotome (Jung, Nussloch, Germany) at -21 0c. The sections were transferred to slides coated with pure alcohol and precooled in liquid nitrogen as described by Vetterlein et al. (1982) . The preparations were kept at -21°C until the alcohol had thawed and infiltrated the tissue. The sections were floated with alcohol at room temperature and embedded in an artificial medium (En tellan, Merck, Darmstadt, Germany).
The prepared slides were observed by fluorescence mi croscopy (Zeiss IV FL condenser) in incidental light. Capillaries containing FlTC were visualized by a 450-to 490-nm primary filter, a 5IO-nm dichroic interference mir ror, and a 520-nm secondary filter. The brain section were inspected and photographed using a x40 or a x25 objec tive (Plan-Neofluar, Zeiss, Oberkochen, Germany) and a x 10 eyepiece, a camera (Contax 139 quartz), and Ekta chrome 400 ASA films. The exposure time was 5 s. Mter development of the films, the slides were mounted in frames and measurements were taken from about 20 prints from each structure. Capillaries or vessels with a diameter larger than 12 fLm constituted <-5% of the total capillary number and were not counted.
Regional cerebral blood flow
Fifty microcuries of [14C]iodoantipyrine (Amersham, Buckinghamshire, U. K.) diluted in 1 ml of saline was infused continuously at a progressively increasing rate over a period of 1 min via the femoral venous catheter. Simultaneously, the arterial catheters were connected to a constant velocity withdrawal pump for mechanical in tegration of the arterial tracer concentration. Mter a cir culation time of 60 s, the brain was quickly removed from the decapitated rats, frozen in 2-methylbutane, coated with embedding medium, and stored at -80°C until they were sectioned into 20-fLm sections at -22°C in a cry ostat, and autoradiographed for 3 weeks along with [14C]methylmethacrylate standards calibrated with brain sections obtained from the same cryostat. The optical density of the investigated structures was determined from the autoradiograms by a Leitz T AS-plus computer ized image analyzer and was converted to radioactivity by a third-degree polynomial standard curve established for each film. The rCBF in the 12 selected regions was calculated from the [14C] content of the regions and the time-concentration integral of [14C] in the arterial blood using a lambda value of 0. 9 relevant for these animals (Schrock and Kuschinsky, unpublished results).
Statistics
For comparison between rDPC and rCBF, the Mann Whitney test was used on differences between the control and diabetic groups each comprising a treatment pair i. e. , the 3 weeks pair and the 20 weeks pair. The Mann Whitney test was also used for comparison of the groups with regard to the physiological values shown in Table 1 . To evaluate the correlations between rDPC and rCBF, a linear regression analysis was performed.
RESULTS
General physiological variables
Body weight, hematocrit, blood glucose, arterial blood gas parameters, and mean arterial blood pres sure at the time of the experiment are shown in Table 1 . After 3 weeks, the diabetic rats had on average lost 6% of their body weight, whereas con trol rats had an average weight gain during the same time period of 16%. After 20 weeks, the diabetic rats had on average lost 2% of their body weight, whereas control rats had an average weight gain during the same time period of 61 %. The hematocrit was significantly higher in both diabetic groups compared to their control groups (0.51 versus 0.46, p < 0.005) and after 3 and 20 weeks of diabetes (0.53 versus 0.46, p < 0.005). Blood glucose levels were similarly elevated from about 8 mM to about 21 mM in both diabetic groups. The diabetic rats had in creased arterial pco2 values compared to their con trois; this difference was also more pronounced af ter long-lasting (40.9 versus 36.1 mm Hg, p < 0.005) than after short-lasting hyperglycemia (39.2 versus 36. 0 mm Hg, p < 0.05) although all values are within a physiological range. Correspondingly, pH was decreased in the diabetic rats compared to their controls. The arterial P02 and mean arterial blood pressure were identical in the diabetic and control groups. By 10-15 weeks after streptozotocin injec tion, most diabetic rats had developed cataracts of both eyes; at the time of the long-term experiment (20 weeks), all diabetic rats had cataracts bilater ally.
rDPC and rCBF after 3 weeks of STZD The rDPC in the diabetic group was on average 5% lower and the rCBF 3% lower than in the con trol group (Table 2) ; this difference was not statis tically significant. A significant correlation between rCBF and rDPC was found in the control group, yielding the regression equation rCBF = 38 + 0.25 x rDPC (r = 0 .8, P < 0.005). A significant, al though more scattered correlation was also found in rats with 3 weeks of STZD: rCBF = 29 + 0.29 x rDPC (r = 0.6, p < 0.03).
rDPC and rCBF after 20 weeks of STZD The rDPC did not differ significantly between the groups for any of the measured structure (Table 3) . The rCBF in the diabetic group was significantly reduced in two structures of the visual system (vi sual cortex: 105 versus 129 ml 100 g-I min -I , P < 0. 05; lateral geniculate body: 106 versus 128 mlloo g-I min -I , P < 0. 05) and in the pontine reticular nucleus (82 versus 128 mll00 g-I min -I , P < 0.03).
On average, the rDPC was 3% higher and the rCBF 16% lower in the diabetic than in the control group. A significant correlation between rCBF and rDPC was found in the control group, yielding the regression equation rCBF = 36 + 0.24 x rDPC (r = 0.8, p < 0.005). A significant, although more scattered correlation was also found for the rats with 20 weeks of diabetes: rCBF = 44 + 0.16 x rDPC (r = 0.6, p < 0.03). No differences in rDPC or rCBF were found between the two control groups.
DISCUSSION
Cerebral capillary density
In the present study, the rDPC was found to be preserved after 3 as well as after 20 weeks of STZD. In a previous study using a morphometric tech nique, the length of the capillary network in the neocortical rat brain tissue was found to shorten after 1 year of STZD, leading to increased diffusion distance (Jakobsen et aI., 1987b) . In order to make survival for 1 year possible, the diabetic rats were treated with insulin and, as suggested by the au thors, it is possible that hypoglycemic episodes may have occurred and contributed to the changes in Values are means ± SO. rCBF: regional cerebral blood flow, rDPC: regional density of perfused capillaries. Values are means ± SD. rCBF: regional cerebral blood flow, rDPC: regional density of perfused capillaries. * p < 0.05.
capillary density. The capillary densities do not change at hyperglycemia lasting for less than 3 weeks, as recently shown by Kikano and coworkers (1989) . The cerebral L-glucose space has been found to be decreased after hyperglycemia and after 2-5 weeks of STZD, being interpreted as a decreased capillary density (LaManna and Harik, 1985; Harik and LaManna, 1988) . However, because of blood contamination of the brain samples and influence by the large pial arteries and venules, the estimate of the cerebral L-glucose space does not give a valid measurement for the capillary density. In another study, the regional albumin space was also un changed in diabetes (Kikano et aI., 1989) . Finally, studies performed after 2 weeks of STZD have not revealed any differences in permeability-surface area products compared to control rats for sucrose, calcium, or chloride, indicating that the capillary diffusion area is unchanged at least in short-term diabetes (Knudsen et aI., 1986; Jakobsen et aI., 1987a) . The intravascular volume, as measured by In-transferrin, is also unaltered in acute hypergly cemia and after 2 weeks of STZD (Knudsen and Jakobsen, 1989) .
Our finding of similar rDPC in the two control groups in spite of an age difference of 17 weeks is in agreement with a previous study where it was found that the capillary density in the adult rat does not change significantly with age (Burns et aI., 1981) .
In pilot study, the number of perfused cap illaries in a subgroup of the diabetic rats was by means of a double-staining technique (Gobel et aI., 1990 ) also evaluated and compared to the number of existing capillaries. As was the case for normal rats (Gobel et aI., 1990) , identity between the number of J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 existing and perfused capillaries was also found in our diabetic rats.
Cerebral blood flow
The rCBF was significantly decreased after 20 weeks of STZD in the visual system and in the pon tine reticular nucleus. In most other regions, the rCBF was arithmetically although not significantly reduced in the diabetic groups. The decrease in rCBF in the visual system after 20 weeks of diabe tes was expected since the rats at the time of the experiment were all blind. A downregulation of CBF in these regions corresponds to a lower re gional glucose metabolism due to the decreased neuronal activity in these regions.
Two factors may have influenced the rCBF in general. First, the diabetic rats had, during sponta neous respiration, a significantly higher pco2 and were more acidotic than the control rats. Unless compensatory mechanisms play a role, this would lead to an increase in rCBF in the diabetic groups compared to the controls. Systemic hematocrit was on average increased by between 11 and 15% in the diabetic rats compared to their control groups. This finding was not unexpected since dehydration is a common feature in untreated diabetes. Provided that compensatory mechanisms were not acting, an increased hematocrit could lead to a decrease in rCBF. It is, however, difficult to assess to what degree each of these counteracting phenomena in fluence rCBF.
After 3 weeks of STZD, a decreased global CBF as measured by the 113 Xe intracarotid injection method was found (Duckrow et aI., 1985) . These studies were done in fully anesthetized rats where PC02 was maintained within narrow limits and where the hematocrit did not differ between the groups, probably caused by the simultaneous infu sion of donor blood during the operation to replace lost blood. Decreased rCBF has also been de scribed in some brain regions in awake rats after 3 weeks of STZD and in acute hyperglycemia (intra peritoneal glucose injection) (Duckrow et aI., 1985 (Duckrow et aI., ,1987 . In another study, the rCBF has also been reported to be decreased after 2 and 4-5 weeks of STZD (Harik and LaManna, 1988) . Plasma glu cose values in the two latter studies were larger than in the present study; in all of the studies men tioned (Duckrow et aI., 1985 (Duckrow et aI., ,1987 Harik and La Manna, 1988; Lass et aI., 1989) , both peo2 and hematocrit were similar to the control group. On the other hand, no significant changes in rCBF could be demonstrated in a study in rats with 2 days or 4 months of diabetes although rCBF values were lower compared to controls (Jakobsen et aI., 1990) .
Coupling or rCBF and rOPC
The coupling between rCBF and rDPC has been convincingly demonstrated to occur in normal rats (Klein et aI., 1986) . Under other circumstances, e.g., in hypercapnic rats, the relationship between rDPC and rCBF changes so that when rCBF values are significantly increased, rDPC values remain un changed (Gobel et aI., 1989) . In the present study, the rCBF was decreased in the visual system prob ably caused by the decreased metabolic activity in these regions, whereas, in spite of long-lasting (i.e., 5-10 weeks) blindness in the diabetic rats, the rOPC was unaltered. On the basis of the present results, it could be argued that during the developmental pe riod, the rDPC is dimensioned to the metabolic de mands of that particular brain region. This point of view has been partly supported by others who have reported that the vascular proliferation in the brain during ontogeny appears to be directly related to aerobic metabolism (Bar, 1980) and probably is in duced by maturational demands of the rapidly growing brain (Craigie, 1925) . Changes in the re gional metabolic rate occurring later in life, al though of a chronic nature as in the present study, lead to a decrease in rCBF but not necessarily to a concomitant downregulation of rDPC.
